We report here the isolation and characterization of a cDNA encoding zebrafish dermacan, a novel member of hyaluronan (HA)-binding proteoglycans, which was termed after its characteristic expression in the zebrafish dermal bones. The deduced protein sequence shares the typical modular elements of lecticans. Sequence comparison covering the C-terminal globular domain demonstrated that dermacan shows high homology with zebrafish versican but is distinct from any other identified lecticans. Genomic DNA analysis demonstrated that dermacan and versican were encoded by distinct genes in the zebrafish genome. The expression of dermacan is initiated in the sclerotome and cephalic paraxial mesoderm at 16 h postfertilization. During the pharyngular period, dermacan transcripts were detected in the sclerotome, tail fin bud, pharyngular arch primordial region, and otic vesicle. In the development of craniofacial bones, dermacan expression was detected typically in the opercle and dentary. These regions belong to the craniofacial dermal bones. aggrecan expression, in contrast, was observed in the elements of craniofacial cartilage bones. In the dermacan -morpholino-injected embryos, dermal bones, e.g. opercle, dentary, and branchiostegal rays, as well as axial skeleton in the trunk, showed decreased ossification. We conclude that dermacan is a novel lectican gene, and that zebrafish lectican genes have genetically diverged. In addition, our data suggest the involvement of dermacan in zebrafish dermal bone development. q
Introduction
The ability to create a hyaluronan (HA) linked proteoglycan rich extracellular environment appears to be one of the hallmarks of vertebrate development (Tammi et al., 2002) . In fact, the domain-based comparative analyses of proteins in Homo sapiens and Drosophila melanogaster using the genome database revealed that proteins containing an HA-binding link module are absent in the fly (The FlyBase Consortium, 2003) . The elastic and shock absorbing properties of the vertebral column itself is a good example of the benefits that species can obtain from tissues with biomechanical properties based on hyaluronan proteoglycan aggregates (Watanabe et al., 1997) . Proteoglycans play important roles in the vertebrate skeletogenesis, not only in the maintenance of the structural integrity of bones, but also in modulating activities of extracellular signaling molecules, to shape the embryonic structure (Kresse and Schönherr, 2001) . HA is found in various amounts in many connective tissues, where it is bound by chondroitin sulfate proteoglycans, lecticans, such as versican and aggrecan, or in the central nervous system (CNS), bound by brevican and neurocan (Iozzo, 1998; Bandtlow and Zimmermann, 2000) . Many of the hyaluronan-binding proteins belong to the link module superfamily, which has been subdivided into molecules with either single link modules, extended single link modules, or paired link modules (Day and Prestwich, 2002) . The recent elucidation of three additional link proteins might have completed this superfamily, now consisting of eight proteins with paired, and six proteins with solitary link modules in mammals (Hirakawa et al., 2000; Oohashi et al., 2002; Bekku et al., 2003; Spicer et al., 2003) . The human genome search revealed that each of the four lectican genes is located pairwise with link protein gene (Nomoto et al., 2002; Bekku et al., 2003; Spicer et al., 2003) .
Genetic and biochemical analyses of human heritable skeletal disorders, as well as the generation of knockout mice, have provided many insights regarding their roles in normal development and diseases (Schwartz and Domowicz, 2002) . While extensive studies on the lectican genes have been done in humans and mice, zebrafish have become an important model organism for studying vertebrate embryogenesis and evolution with the availability of a large amount of genetic and developmental information. However, none of the zebrafish counterparts of lecticans has been reported so far.
Skeletal elements such as vertebrae and ribs are morphologically well conserved among vertebrates, however, skull elements in certain model species, such as zebrafish, show differences from mammals. Despite the fact that zebrafish have been widely used as a model organism of vertebrates, a lack of sufficient information on the structure and composition of the skull made it difficult to compare the skull development of zebrafish with that of other model organisms. However, the sequence of ossification of the skull of zebrafish was described in detail (Cubbage and Mabee, 1996) . In adult, there are two types of cranial bones: dermal and cartilage bones; dermal bones (29 bones), which develop directly within connective tissue membrane and is equivalent to intramembranous bone, and cartilage bones (43 bones), which undergo perichondrial or endochondrial ossification via cartilage anlagen. Neurocranium and pharyngeal skeleton develop as cartilage (Cubbage and Mabee, 1996) . Typically, the mandibullar arch is supported by the hyoid arch and up to five more posterior arches develop branchial gills. Mandibullar and hyoid arches contain some dermal bones, while the gills are converted by a dermally ossified opercle (Cubbage and Mabee, 1996) .
In this study, we report isolation of a novel zebrafish lectican, dermacan, which is characteristically expressed in the dermal bones during zebrafish embryogenesis. Its expression was compared with that of versican, the most closely related lectican gene, and with that of aggrecan, a well-known marker of cartilage bone. Downregulation of dermacan revealed defects of the craniofacial dermal bone and supported the idea that dermacan is involved in dermal bone morphogenesis.
Results

Identification of a novel zebrafish lectican gene
The complete sequence of the overlapping cDNA clones for dermacan revealed an open reading frame of 4710 base pairs which encodes a mature protein consisting of a N-terminal HA-binding domain with an Ig-fold and paired link modules, a central non-homologous region, and a C-terminal region with EGF-like, lectin-like, and complement regulatory protein (CRP)-like modules (Fig. 1A,B) . These domains share the typical modular elements of lectican molecules. The deduced polypeptide started with a typical hydrophobic signal peptide sequence, and the PSORT II program (http://psort.nibb.ac.jp:8800/) predicted its cleavage site at position 20/21. Eighteen Ser-Gly or GlySer dipeptide sequences are present in the central nonhomologous region, where glycosaminoglycan (GAG) chains would potentially be attached. Furthermore, six of them are in agreement with the consensus sequence of the GAG attachment site, Acidic-Xaa-Ser-Gly, proposed by Bourdon ( Fig. 1A ; Bourdon, 1990) .
To characterize its amino acid sequence by comparison with other lecticans, we searched the database and found zebrafish versican. We also isolated zebrafish aggrecan, brevican, and neurocan cDNA fragments by RT-PCR or ESTs. Sequence comparison covering the C-terminal globular domain (G3 domain) demonstrated that dermacan shows a relatively high degree of homology with other zebrafish lecticans, but is distinct from any other identified lectican. Amino acid sequence of dermacan shares more significant identity with versican than with other lecticans (Fig. 2) . The N-terminal globular domain (G1 domain) of dermacan also shares high homology with other vertebrate lecticans. Several putative hyaluronan-binding residues indicated by Mahoney et al. were all conserved in dermacan link modules (data not shown), suggesting its potential HA-binding activity (Mahoney et al., 2001) . Although the G3 domain of zebrafish dermacan and versican shared similarly high homologies (70 -74%) against avian or mammalian versican (Fig. 2) , the novel gene was designated dermacan from its gene expression as described later.
To determine whether dermacan and versican were derived from a distinct gene or whether they are allotypes derived from a single gene, zebrafish genomic DNA was analyzed by Southern hybridization with individual 450 bp of cDNA probe covering the EGF-like repeats and lectinlike modules of dermacan and versican. None of the band sizes and number of the digested fragments with each restriction enzyme are the same between dermacan and versican (data not shown). We have also tried to assign the locus at the Danio rerio sequencing project (http://www. sanger.ac.uk/Projects/D_rerio/). As a result, we found the contigs, which contain exons of individual genes. As we expected, the exons corresponding to the above probes of dermacan and versican were in different contigs, ctg12316.1/NA19434.1 and ctg10999.2, respectively. These results indicate that dermacan and versican are encoded by distinct genes in the zebrafish genome. A phylogenetic tree based on a comparison of the deduced amino acid sequence of the G3 domain of lecticans demonstrate that the zebrafish dermacan diverged earlier than the zebrafish versican (Fig. 3) . Furthermore, in order to compare their expression, total RNA from embryos at early and different stages were subjected to Northern blot analysis with the same probes as above (Fig. 4) . A faint expression of dermacan was detected at 16 h postfertilization (hpf) and increased at 19 hpf, whereas the versican expression started at 8 hpf, reached a peak at 12 -14 hpf and declined thereafter (Fig. 4) . At least two different bands in size (6 and 3 kb) were detected with the versican probe in the C-terminal globular domain, suggesting the existence of splicing variants known in other species (Ito et al., 1995; Cattaruzza et al., 2002) . The absence of cross-reactivity between the two probes demonstrated that they recognize two distinct mRNAs from individual genes, indicating that dermacan and versican are paralogous proteins. The similarities of individual domains are probably due to duplication of sequences derived from an ancestral gene during evolution of lectican molecules.
Expression of dermacan mRNA during embryogenesis
The developmental expression pattern of zebrafish dermacan was determined by whole-mount in situ hybridization and compared with that of versican and aggrecan. During segmentation, the embryo elongates along the anteriorposterior axis and somites appear sequentially from anterior to posterior. At the beginning of somitogenesis, expression of dermacan was not detected (Fig. 5A) , which was consistent with the Northern blot analysis (Fig. 4A) . dermacan transcripts were first detected in Fig. 2 . Comparison of deduced amino acid sequence of dermacan in the three modules of the G3 domain with other lecticans. The deduced amino acid sequence of dermacan in the EGF-like module, Lectin-like module and CRP-like module were compared with zebrafish aggrecan, zebrafish versican, chicken versican, mouse versican, zebrafish brevican and zebrafish neurocan. Shaded residues are conserved in more than three proteins. The percentage of amino acid identity of zebrafish dermacan with six other sequences shown here is indicated at the end of each individual sequence. Note that zebrafish brevican and neurocan are shown only for the CRP-motif. Sequence accession numbers: zebrafish dermacan, AB119257; zebrafish aggrecan, AB119258; zebrafish versican, BI326806; chicken versican, X60226; mouse versican, D16263; zebrafsih brevican, AB127939; zebrafish neurocan, AB127940. ; human aggrecan, NM_001135; rat aggrecan, NM_022190; mouse aggrecan, NM_007424; rat versican, AF072892; human versican, NM_004385; chicken neurocan, AF116856; human neurocan, AF026547; mouse neurocan, NM_007789; rat neurocan, M97161; xenopus brevican, AF325324; human brevican, NM_021948; mouse brevican, BC052032; rat brevican, U37142. the sclerotome cells, as well as within the cephalic paraxial mesoderm at 16 hpf ( Fig. 5B,S ). Sclerotome cells originate at the ventromedial edge of the somite and migrate dorsally to surround the notochord and the neural tube (Morin-Kensicki and Eisen, 1997; Stickney et al., 2000) , giving rise to the vertebrae and the ribs (Docker, 2000) . At 19 hpf, dermacan expression was detected in the sclerotome in mature segments along the anteriorposterior axis (Fig. 5C ). During the pharyngular period, dermacan transcripts were detected in the clustering cells between the midbrain and the yolk at 24 hpf ( Fig. 5D, arrowhead) . Thereafter, by 27 hpf, transcripts were shifted in the bilateral regions ventrolateral to the midbrain (data not shown) and detected in the pharyngeal arch primordial region at 31 hpf (Fig. 5E , arrow). dermacan was expressed in the developing region of the otic vesicle and pectoral fin buds as well at 48 hpf ( Fig. 5F ,G).
versican transcripts were observed in wide distributions, adaxial cells, lateral plate mesoderm, and paraxial mesoderm by early somitogenesis (Fig. 5H -J) . During eye formation, versican expression was detected in the lens primordium at 19 hpf (Fig. 5J ) and in the lens at 24 hpf (Fig. 5L) , as well as in the heart (Fig. 5K ) and otic vesicle (Fig. 5M,N) . Overall, this expression pattern of zebrafish versican was equivalent to that of other vertebrate versican (Mjaatvedt et al., 1998; Zanin et al., 1999; Perissinotto et al., 2000) .
During the tail fin bud developmental stage, dermacan was continuously detected in the differentiating sclerotome from 24 to 31 hpf (Fig. 5O -Q) and disappeared from this region by 41 hpf (Fig. 5R) . A new signal arose in the mesenchymal tissue of the tail fin bud at 27 hpf ( Fig. 5P ) and gradually increased (Fig. 5Q,R) . A cross-section of the tail showed that dermacan expression was restricted to the ventral portion of the somite (Fig. 5b -d ) and the area surrounding the notochord that might be cells that migrated from the ventral part of the somites (Fig. 5b,c) . By contrast, versican was not detected in the sclerotome. Although it is detected in the tail fin bud at 24 and 27 hpf (Fig. 5T,U) , versican became barely detectable by 31 hpf (data not shown).
Expression of dermacan and aggrecan mRNA during craniofacial development
The 74 bones comprising the head skeleton of the adult zebrafish develop at specific locations in an ossification sequence (Cubbage and Mabee, 1996) . Dermal and cartilage replacement bones are present in nine cranial regions of D. rerio. We investigated dermacan expression in the craniofacial development and compared it with that of aggrecan, a well-known cartilage bone marker. The gill chamber is supported by a set of dermal bones present along the hyoid. dermacan expression was detected in the pharyngeal arch primordium at 31 hpf (Fig. 5E ), and then, in the developing opercle at 3 days postfertilization (dpf) (data not shown). A more intense signal was observed during the morphogenesis of the opercle, a fan-shaped bone present along the ventral surface of the hyoid (Fig. 6B -D) . A cross-section of the head showed that dermacan expression was restricted to the ventral surface ectoderm, covering the ceratobranchials (Fig. 6E) . Opercle movements play a major role in respiratory and feeding pumping (Liem, 1993) . dermacan transcripts were detected in the dentary at 5 dpf, which is also composed of dermal bone (Fig. 6C,D) .
The elements of zebrafish craniofacial cartilage begin to condense and differentiate between 2 and 3 dpf of development (Kimmel et al., 1995) . Expression of aggrecan persists in most of the elements of the pharyngeal arch and neurocranium during chondrogenesis (Fig. 6G -K) . These arch elements include the trabeculae and ethmoid plate of the neurocranium (Fig. 6G,H) , the Meckel's cartilage and the platoquadrate of the mandibullar arch, the ceratohyal and hyosymplectic of the hyoid arch, and the ceratobranchials of the branchial arch (Fig. 6I,J) . A cross-section showed that aggrecan transcripts were detected in the developing pharyngeal cartilage bones (Fig. 6K) .
dermacan transcripts were observed in the developing pectoral fin buds along the ectodermal ridge, equivalent to the apical ectodermal ridge in mouse and chick, by 48 hpf (Figs. 5F and 6A, D) . During this stage, the expression of dermacan persisted in otic vesicle since 48 hpf (Fig. 6A,D) . On the second day of development, cells at the pectoral fin began to express aggrecan throughout the entire fin mesenchyme (Fig. 6G) . As the pectoral fins continue to develop, it was restricted to the scapulocoracoid (Fig. 6J) . dermacan and aggrecan expression disappeared from these regions by 6 dpf.
Taken together, our data demonstrate that dermacan and aggrecan were differentially expressed in a spatial and temporal manner during craniofacial bone development. Namely, dermacan might be closely involved in dermal bone formation (Fig. 6F) , while aggrecan might be involved in cartilage bone formation (Fig. 6L) .
dermacan is involved in dermal bone development
In order to study the role of dermacan during zebrafish development, a morpholino antisense oligonucleotide (MO) was designed complementary to the putative translation initiation start site of dermacan mRNA. First, we confirmed that the designed MO efficiently downregulated dermacan translation. dermacan-MO would block translation of dermacan mRNA, but not downregulate dermacan mRNA level (Nasevicius and Ekker, 2000) , however, antibody against dermacan protein is not available. To examine the ability of dermacan-MO to downregulate protein level, we made a construct that contains dermacan G1 domain fused with EGFP. From this construct, the protein would be translated from the putative translation initiation start site of dermacan and give EGFP signal. Injection of 10, 20, and 40 pg of mRNA for this construct gave EGFP signal throughout the embryos at 15 and 22 hpf (n ¼ 150=150 in all injections, Fig. 7A ,A 0 ). Co-injection of this mRNA with dermacan MO (8 ng) completely suppressed EGFP signal in all embryos examined at 15 and 22 hpf (n ¼ 150=150 in all injections, Fig. 7B,B 0 ). These results confirm that the dermacan-MO efficiently downregulates translation from the putative translation initiation start site of dermacan.
Next, we examined the role of dermacan in skeletogenesis by injecting dermacan-MO at low (0.8 ng) and high (8 ng) concentrations. Strikingly, we observed a high level of lethality by dermacan-MO, resulting in only 23 and 18% of morphants injected with 0.8 and 8 ng of MO, respectively, reaching 7 dpf. We believe that the high lethality is not due to a non-specific effect, since neither control-MO nor other MO, such as tbx5-MO and wnt2b-MO gave such lethality (Ng et al., 2002) . Most of the morphants die at 2 and 3 dpf of development. At both levels, the embryos at 7 dpf displayed a specific loss of skull structure elements (Fig. 7D,F) . Interestingly, in the external morphology, the gill cover was disrupted, which led to the exposure of branchial arches (Fig. 7D) . The morphants also showed malformed and ventrally displayed jaws, and slightly smaller heads (Fig. 7D,F) . To analyze the effect of dermacan-MO on elements constituting the craniofacial structure, we stained embryos with Calcein in order to visualize the ossification of skeletal structure. Calcein is a fluorescent chromophore that specifically binds to calcium and can be used to visualize the ossification in zebrafish (Du et al., 2001) . At 7 dpf, several pharyngeal skeletons were labeled by Calcein. In control-MO-injected larvae, the dermal bones such as dentary, branchiostegal ray, opercle, and cleithrum, as well as cartilage replacement bones, ceratobranchial 5 were clearly distinguishable by the staining (Fig. 7C 0 ,E 0 ). In contrast, dermal bones of dermacan-MO-injected larvae were either absent or malformed. In particular, the opercle lost its characteristic fan shape and only the remnant joint region (arrow) was present (Fig. 7D 0 ,F 0 ). The branchiostegal ray was also absent (asterisk). The fluorescent labeling of dentary was greatly reduced and the shape of it was malformed. We refer to the phenotype as the 'opercle' phenotype. To evaluate the frequency and specificity of the opercle phenotype, we scored the phenotype in a number of dermacan-MOinjected larvae (Table 1 ). The control-MO-injection did not affect embryonic development. In both dose levels, opercle phenotype was moderately observed (8 ng: 32%; 0.8 ng: 12%). The efficiency of the opercle phenotype increased dose-dependently. This demonstrates that dermacan is involved in dermal bone formation and suppression of dermacan function results in a loss or malformation of dermal bone.
The Calcein staining of axial skeleton in the trunk region first appeared on day 7 (Fig. 7E 0 ). The calcification process is found to progress from the anterior to posterior regions. Vertebrae numbers 2 and 3 are calcified later in time than vertebrae 4 (Du et al., 2001) . In dermacan-MO-injected larvae, vertebrae formation was morphologically indistinguishable from that of control-MO-injected larvae (Fig. 7F ), but the fluorescent labeling was not detected in the vertebrae at 7 dpf (Fig. 7F 0 ), indicating the retardation of vertebrae formation. Given its expression in the sclerotome between 16 and 40 hpf (Fig. 5) , dermacan-MO might affect structures derived from the sclerotome during this period, which resulted in the reduced ossification in vertebrae that was detected at 7 dpf. In order to find the critical stage of the vertebrae phenotype, we checked morphants at 24-31 hpf with available sclerotome markers, such as pax9, twist1 and twist2. However, none of the marker stainings were affected (data not shown). These results suggest that downregulation of dermacan does not affect sclerotome formation from the somites, rather, it plays a role in the differentiation of vertebrae.
Our data suggest that dermacan plays a role in morphogenesis and differentiation of dermal bones in the head dermacan expression was detected in the sclerotome at 24 hpf (O), 27 hpf (P), and 31 hpf (Q), but was not detected at 41 hpf (R). A mesenchymal signal in the tail fin bud was strongly detected at 41 hpf (R). (S) A cross-section of E. versican was detected in tail fin bud at 24 hpf (T) and 27 hpf (U), but was undetectable at 31 hpf (data not shown). (a) Diagram showing the embryo at 23 hpf. (b-d) Cross-sections of embryo in panel a, indicating the signal in the ventral portion of the somites and around the notochord. Abbreviations: ad, adaxial cell; fb, tail fin bud; h, heart; hb, hindbrain; lm, lateral plate mesoderm; lp, lens primordium; n, notochord; ov, otic vesicle; pf, pectoral fin; pm, paraxial mesoderm; sc, sclerotome. skeleton, especially opercle, branchiostegal ray, and dentary. On the other hand, in the axial skeleton, dermacan might not be required for formation of vertebrae, but has a role in the differentiation of vertebrae.
Discussion
dermacan is a novel lectican proteoglycan
In this report we isolated dermacan, a novel lectican gene from zebrafish. Lecticans are members of proteoglycans that are found in matrices of many tissues, and play important roles not only in maintaining structural integrity of tissues, but also in modulating activities of extracellular signaling molecules. Mammalian and avian lectican families are comprised of four genes, aggrecan, versican (also known as PG-M), neurocan, and brevican. Alternative splicing of lectican genes adds structural diversity that might contribute to generate a diversity of extracellular matrices. This, together with their tissue-specific expression, would create a difference in tissue integrity, mechanical strength, adhesiveness and modulation of activities of extracellular molecules. In particular, different isoforms of versican, aggrecan and brevican have been identified. Unlike other lecticans, however, we did not detect any splice isoforms of zebrafish dermacan so far. Our analyses demonstrated that dermacan is most closely related to versican, but is encoded by a distinct gene. Our finding adds a fifth member to lectican genes in vertebrates. In support of this, we found two zebrafish ESTs of brevican and neurocan (Fig. 2) , resulting in zebrafish having five lectican genes: dermacan, versican, aggrecan, neurocan, and brevican. Given that zebrafish have more lectican genes than mammals, there might be a difference in the molecular system that covers the biofunction of lecticans during embryonic development and adult function in zebrafish and mammals.
It has been hypothesized that different lecticans have arisen from a common ancestor gene that may have been assembled from other genes by exon duplication and shuffling during evolution. Therefore, it is reasonable to speculate that dermacan and versican arose by duplication (G -K) aggrecan was expressed in the neurocranium, pharyngeal arch skeleton, and developing pectoral fin at 3 dpf (G), 4 dpf (H), and 5 dpf (I,J). (K) A cross-section of J showing expression in those structures. (F,L) Drawings of dermal bones (F, red color) and cartilage bones (L, blue color) present at larval development. The dark appearance of pigment cells (some indicated by white dots) in the skin and retina is due to pigment, not staining of mRNA. Abbreviations: abc, anterior basicranial commissure; bb, basibranchial; bh, basihyal; cb, ceratobranchials; ch, ceratohyal; d, dentary; ep, ethmoid plate; hs, hyosymplectic; ih, interhyal; iop, interopercle; mc, Meckel's cartilage; mx, maxilla; op, opercle; ov, otic vesicle; pbc, posterior basicranial commissure; pf, pectoral fin; pop, preopercle; pp, pelvic process; pq, platoquadrate; s, scapulocoracoid; sop, subopercle; t, trabeculae. of the common ancestor gene ( Fig. 3 ; Iozzo, 1998; Amores et al., 1998; Spicer et al., 2003) .
As mentioned above, the human lectican family is comprised of four genes. During cartilage bone formation, two lectican genes, versican and aggrecan are expressed and involved in this process. Versican has been found in prechondrogenic condensations of chick limb buds (Shinomura et al., 1990; Hall and Miyake, 1992) . Aggrecan expression correlates with chondrogenesis (Takahashi et al., 1998) , and mutation of aggrecan in the cartilage matrix deficient (cmd) mouse generates chondrodysplasia (Watanabe et al., 1994) . In contrast to cartilage bone formation, intramembranous bone formation has not been well characterized in relation to lectican genes. Our data reveal that, in zebrafish embryos, dermacan and aggrecan show exclusive expression patterns during head skeleton formation. While aggrecan expression colocalizes cartilage bone primordium, dermacan expression marks dermal bone, that is equivalent to intramembranous bone. Although it has been reported that aggrecan core protein is expressed in osteoblasts of cartilage bone and intramembranous bone in the chick embryo (Wong et al., 1992) , our in situ hybridization analysis did not detect aggrecan expression in zebrafish dermal bone primordium up to 5 dpf. Therefore, it will be interesting to further investigate roles of lecticans in cartilage bone and dermal bone formation in zebrafish.
dermacan functions in the craniofacial dermal bone formation
We could demonstrate that dermacan is characteristically expressed in the zebrafish craniofacial dermal bones, suggesting the involvement of it in the formation of these structures. The morpholino experiments, with the result of malformed dermal bones, as well as delayed ossification in these structures, support that dermacan has a role during craniofacial skeletogenesis, mainly in the formation of the opercle, branchiostegal ray, and dentary.
The extracellular matrix has been found to play a role in modulating signaling of secreted factors in the extracellular space. The multimoduled lectican proteoglycan molecules exert an activity of signal transduction modulation. The C-type lectin motif of the G3 domain mediates binding to other extracellular matrix proteins, thereby contributing to the formation of a network being permissive for cell growth (Evanko et al., 1999; Olin et al., 2001) . The deduced amino acid sequence of zebrafish dermacan shows that the C-terminal G3 domain also contains the C-type lectin motif, as well as two EGF-like repeats and complement binding protein-like motif (Fig. 1) . Hence, it also might be possible that dermacan plays a role modulating extracellular signaling during dermal bone formation. A similar extracellular signaling modulation by lecticans is well characterized in the case of aggrecan. Aggrecan is one of the most abundant extracellular matrix components of the cartilage, which forms aggregates on hyaluronan together with cartilage link protein (Crtl1). The cmd mice, a natural mutant of aggrecan, and the Crtl1 knockout mice both showed dwarfism similarly but to a different degree (Watanabe et al., 1997; Watanabe and Yamada, 1999) . The expression of several signaling molecules, such as Indian hedgehog and PTH/PTHrP receptor, involved in chondrocyte differentiation was reduced in the growth plate of Crtl1 knockout mice (Watanabe and Yamada, 1999) . These pieces of evidence suggested that most likely the aggrecan aggregates might store the signaling molecules within the chondroitin sulfate glycosaminoglycan chains, and control chondrocyte differentiation (Watanabe and Yamada, 2003) . Lately, endothelin-1 (Edn1) mediated regulation of pharyngeal bone development in zebrafish was reported (Kimmel et al., 2003) . While the manner in which extracellular signaling molecules regulate development of dermal bone or intramembranous bone is still unclear, dermacan might play a role similar to aggrecan, and regulate Edn1 signaling in dermal bone development. Extensive research on dermacan -matrix molecules, or dermacan -cell adhesion molecules, is needed in order to explore the mechanisms of dermacan function in dermal bone development. In our dermacan-MO experiments, more than half of morphants died mostly by 2 or 3 dpf. During ontogeny, larval fish must deal with increasing nutritional and respiratory demands as they grow (Adriaens et al., 2001) . At hatching, nutrition is completely dependent on the yolk sac and no mouth opening is possible. Therefore, respiration must occur through cutaneous diffusion, as no sign of gills is observed. After hatching, an opercular cover is formed and the first movements of the lower jaw are observed, indicating a possible respiratory shift. Thereafter, as both nutritional and respiratory demands increase, the mouth opening mechanisms develop. Opercle becomes an important skeletal element for the mouth opening mechanism. When the expression of dermacan and the ontogeny are taken into consideration, it might be possible that the high lethality is due to the impairment of the mouth opening system.
Up to now, Calcein staining and Arizarin Red staining have been used as general markers of bone matrix of dermal bones due to a lack of a specific marker for dermal bones (Kimmel et al., 2003) . Since these reagents also stain cartilage bones, it is sometimes complex to observe only dermal bones. The characteristic expression of dermacan in craniofacial dermal bone reported here, may lead the way to facilitate studies of dermal bone development in the near future.
Experimental procedures
Fish embryos
Zebrafish (D. rerio) embryos were obtained from natural spawning and maintained under standard conditions and were staged according to age (hours postfertilization at 28 8C) and morphological criteria (Kimmel et al., 1995) . Embryos were treated with 0.2 mM 1-phenyl-2-thiourea (Sigma) to inhibit pigment formation.
Isolation of cDNA clones
A zebrafish dermacan (GenBank accession No. AI942570) EST cDNA clone was obtained from the Washington University Zebrafish Genome Resource Center through Research Genetics, Inc. (Huntsville, AL). To isolate a full-length coding sequence, we screened 24 hpf cDNA library (Stratagene, CA) with the above EST clone as a probe, and isolated two overlapping clones. 5 0 RACE was employed to cover the entire coding part. In order to clone the zebrafish aggrecan cDNA, degenerate PCR was performed using specific primers based on a homologous region in the G3 domain of mammalian aggrecan: ALS, 5 0 -GCACAAGACTAYCAGTGGAT-3 0 ; ALAS, 5 0 -TTGCAGGGGCRTCGTTCCA-3 0 . PCR was performed with initial denaturation at 94 8C for 2 min, followed by amplification for 35 cycles, each cycle consisting of denaturation at 94 8C for 30 s, annealing at 55 8C for 30 s, and polymerization at 72 8C for 40 s. PCR product of the expected size (189 bp) was subcloned into pCR II vector (Invitrogen). RACE was employed to extend the cDNA sequence. The nucleotide sequence of versican has been made public as an undefined clone CB63 (GenBank accession number: BI326806) in the ZFIN home page (http://zfin.org/) and partially reported (Garrity et al., 2002) . The brevican and neurocan cDNA sequences were derived from ESTs (brevican, AW175084; neurocan, AI522398). a Strong malformation was observed in both dermal and cartilage bone.
RNA preparation and Northern blot analysis
Total RNA from different stages of zebrafish embryos was isolated using TRIZOL reagent (Invitrogen) according to the manufacturer's instructions. RNA was electrophoretically separated, blotted onto Hybond-NX membrane (Amersham Biosciences), UV cross-linked, and probed with the radiolabeled versican and dermacan cDNAs.
Genomic Southern blot analysis
Genomic Southern blot was performed according to the standard protocol using the specific probes of dermacan and versican, covering the respective C-terminal globular domains (Sambrook et al., 1989) .
In situ hybridization
Whole-mount in situ hybridization was performed as described (Ng et al., 2002) . The zebrafish dermacan probe spans nt 4041 -4643 and contains 603 bp (GenBank accession number: AB119257). The zebrafish aggrecan probe spans nt 5-371 and contains 367 bp (GenBank accession number: AB119258).
4.6. Morpholino microinjection and larval skeletal staining dermacan G1 domain (from nucleotide 1 to 1089 in accession number AB119257) was fused to EGFP (Clontech) and subcloned into pCS2 vector. Capped RNA was synthesized from the construct using mMachine kit (Ambion). Morpholino oligonucleotide was designed by and obtained from Gene Tools LLC (Eugene, OR). The dermacan morpholino lies from nucleotide 36 to 60: 5 0 -TTCACGTCCAACAACATCATCTCAA-3 0 . The standard control oligonucleotide available from Gene Tools was used. The oligonucleotides were solubilized in 1 £ Danieau's solution and injected into one-cell stage zebrafish embryos at 0.8 or 8 ng/embryo. Developing bone matrix was labeled as described (Du et al., 2001) . Briefly, the live larvae were immersed in 50 mg/ml Calcein (Molecular Probes, Eugene, OR) in fish medium. Immersion times varied from 3 to 10 min, depending on the size of the embryos followed by many rinses in fresh water to remove the excess unbound dye.
